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FORMULATION OF THE NUMERICAL MODEL

Governing equations
The computational domain consists of two solid and one fluid sub-domains corresponding to the substrate, the tubing and the cooling fluid, respectively. Based on these assumptions, the three-dimensional transport equations of mass, momentum and energy reduce to the following form:
The Reynolds Averaged Navier-Stokes (RANS) equations formulated above contain the Reynolds stresses terms 
Grid independence
The computational domains for both cooling configurations were discretized using unstructured grids of hexahedral elements (Figure 2) . The grids had a non-uniform arrangement along the flow direction, as a fine grid was used along the curved sections of the domain (Figure 2a) , in order to fully capture the topology of the expected secondary flow. In addition, the grid nodes were closely positioned in the fluid cross section adjacent to the solid wall (Figure 2b) , in order to capture the steep gradients in the boundary layer region. A grid independence study was conducted in order to verify that the produced computational results remained unaffected from the grid density. For this reason, the four-pass configuration was selected and simulations were performed using three grids of increasing density, namely of 1.2, 2.6 and 4.0 x 10 6 elements, respectively.
The coolant pressure drop through the configuration, the substrate maximum temperature and the overall Nusselt number were considered as adequate quantities in order to ensure the grid independency of the solution. As it is evident from the values of Table 2 , the computational grid consisting of 2.6 x 10 6 elements is suitable for the production of the numerical results, as a further grid refinement to 4.0 x 10 6 elements causes all the monitored quantities to deviate by less than 1%. Subsequently, the computational domain for the twopass configuration was discretized using elements of the same dimensions and topology, as those comprising the selected grid for the four-pass configuration, and the final grid consisted of 2.210 6 elements.
Validation of the numerical model
In order to verify that the formulated numerical model can adequately predict the effect of 
RESULTS AND DISCUSSION
Flow Field
The flow inside the tubing of both configurations is characterized by the same Reynolds number equal to 5124. However, the value of the Dean number varies due to the different 
Effect of the Reynolds number -parametric analysis
The flow field in the curved tubes is significantly affected by the flow conditions and the tube geometry and thus different vortical structures are possible to arise. Yanase et al. [28] proposed that, regarding tubes of finite curvature, the effect of the Reynolds number and δ should be treated as independent factors, as the appearance of additional vortices could be Thus, it can be concluded that the Reynolds number and δ affect the turbulent kinetic energy distribution in an independent manner and thus should be rather treated as distinct parameters instead of combining their effect in the Dean number.
The temperature field
As shown in Figure 11a It is also of importance to illustrate the temperature distribution in the solid substrate as this is indicative of the thermal performance of the cooling device. As shown in Figure 12 , the temperature field is fully three-dimensional in both configurations due to the effect of axial conduction, enabled by the high thermal conductivity of the substrate material. It is clearly discernible that the substrate region of high temperatures is shifted in both configurations toward the section of the heat-sink close to the tubing outlet, with the maximum temperature located at the left vertical wall approximately ten hydraulic diameters upstream of the outlet; the maximum wall temperature is higher for the two-pass configuration (Figure 12a ) due to the smaller area available for heat transfer between the substrate and the tubing. Besides, it is evident that the transversal temperature distribution of the substrate is primarily influenced by the fluid temperature inside the tubing, which is embedded by approximately three quarters of its circumference. Thus, the region of the heat sink closer to the inlet passage obtains lower temperatures. In fact, the effect of the fluid temperature on the substrate is manifested in a more regular manner in the four-pass configuration (Figure 12b ).
Effect of the tube embedment
The relative position of the tube center to the heated surface (Y * =0) is a manufacturing parameter that can significantly differentiate the temperature field in the heat sink and is expected to have a significant effect on its thermal performance. In order to elucidate the effect of the tube embedment into the substrate, two additional variations of the cooling configuration have been examined, similar to the two-pass and four-pass configurations of The discernible linear parts of the profiles clearly show that the substrate temperature also increases in the design employing fully embedded (FE) tubes, as the outer vertical side closer to the outlet is approached, i.e. the X * coordinate decreases. Furthermore, it is evident that the fully embedded tubing leads to reduced temperature at the lower part of the substrate and consequently at the heated bottom side (Y * =0) as well, which is an indication of enhanced thermal performance. The transversal temperature distribution at the substrate, which is not presented for brevity, has a similar form to the designs employing partially embedded tubes (see Figure 13) . Nonetheless, the absolute temperature values are decreased in the configurations employing fully embedded tubes.
Local Nusselt number distribution
The quantification of the heat transfer rate is limited to the straight sections of the serpentine tube, as the curved sections lay outside of the substrate active area. The local
Nusselt number values presented are based on the averaged -over the tube circumferencevalues of the convective heat transfer coefficient at each streamwise location z:
In the above expression,   
Comparative analysis
A number of criteria have been selected in order to elucidate each aspect of the heat-sink performance. A suitable measure for the quantification of the thermal performance of a cooling device is the thermal resistance. The overall thermal resistance is determined on the basis of an equivalent resistance circuit: The comparative results of the considered cooling configurations with regard to the above mentioned criteria are summarized in Table 3 .The two-pass configuration is superior in terms of hydrodynamic performance, as the length of the employed serpentine tube is less than half in comparison to the four-pass. Besides, the existence of two additional recirculation regions in the four-pass configuration also induces further pressure losses. In addition, the two-pass configurations exhibit higher temperature uniformity in the substrate bottom surface. As less substrate area is occupied by tubes in comparison to the four-pass designs, the effect of the conductive substrate which tends to homogenize the temperature distribution is more significant leading thus to greater uniformity. It must also be noted that full embedment of the tubing deteriorates temperature uniformity in both configurations. However, the four-pass configurations exhibit much smaller values of the thermal resistance, which is a far more critical parameter for the heat-sink performance in comparison to temperature nonuniformity. Especially, the design employing fully embedded tubes achieves the minimum value, as it offers the largest area available for heat transfer in comparison to the other configurations. The values of the performance index are within 5% for all the considered configurations and do not seem appropriate in the specific case for drawing a meaningful conclusion Regarding the exergetic performance, the four-pass configurations achieve much lower values of the entropy generation rate primarily due to the distribution of the same heat rate to four, instead of two, straight tube sections (see Eq. 5). The four-pass configuration with fully embedded tubes obtains the lowest value of the entropy generation rate, also due to the higher value of the overall Nusselt number it achieves. Besides, the values of the Bejan number illustrate the fact that the values of the total entropy generation rate are primarily determined by the first term on the right hand side of Eq. 5 corresponding to heat transfer. It must be noted that the effect of the secondary flow in Eq. 5 is included in the Stanton number and the friction factor f regarding the heat-transfer and the friction-loss terms, respectively. In the substrate area, it was found that the maximum temperature occurs at the side vertical wall close to the tube outlet in both configurations. It was furthermore proved that full embedment of the tubing into the substrate reduces the substrate temperature. The local Nusselt number distributions demonstrated that the heat transfer rate is significantly enhanced in the regions subject to the influence of the longitudinal vortices, followed by an undershoot in the regions adjacent to them due to reduction in turbulent kinetic energy.
The comparative evaluation showed that the two-pass configurations were superior in terms of hydrodynamic performance and temperature uniformity. On the other hand the four-pass configurations obtained much lower values of the thermal resistance and the entropy generation rate per unit length. The four-pass configuration with fully embedded tubing exhibited the highest exergetic performance, which means that the available work loss due to the combined effect of thermal resistance and pressure drop obtains a lower value in comparison to the other configurations. 
